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SUMMARY

The purpose of conducting the flow-field surveys described in this report was to more fully document the flow
quality in several areas of the tunnel circuit in the NASA Glenn Research Center Icing Research Tunnel. The results
from these surveys provide insight into areas of the tunnel that were known to exhibit poor flow quality characteris-
tics and provide data that will be useful to the design of flow quality improvements and a new heat exchanger for the
facility.

An instrumented traversing mechanism was used to survey the flow field at several large cross sections of the
tunnel loop over the entire speed range of the facility. Flow-field data were collected at five stations in the tunnel
loop. including downstream of the fan drive motor housing, upstream and downstream of the heat exchanger, and
upstream and downstream of the spraybars located in the settling chamber upstream of the test section. The data
collected during these surveys greatly expanded the data base describing the flow quality in each of these areas. The
new data matched closely the flow quality trends recorded from earlier tests. Data collected downstream of the heat
exchanger and in the settling chamber showed how the configuration of the folded heat exchanger affected the
pressure, velocity, and flow angle distributions in these areas. Smoke flow visualization was also used to qualita-
tively study the flow field in an area downstream of the drive fan and in the settling chamber/contraction section.

INTRODUCTION

Detailed flow-field surveys were conducted throughout the tunnel loop of the NASA Glenn Icing Research
Tunnel to augment the existing data base on flow quality. These measurements were necessary because in several
areas of the tunnel loop there were either known or suspected flow quality problems. Limited data were available
from several locations in the tunnel loop, but gaps in the data set restricted the usefulness of these data in answering
questions pertaining to facility design for improved flow quality. The data collected during the surveys described in
this report were intended to fill the gaps in the existing data base.

Figure 1 shows the six areas of the tunnel loop where flow quality studies were conducted: downstream of the
fan, downstream of the drive motor housing, upstream and downstream of the facility heat exchanger, and upstream
and downstream of the spraybars, which are located in the settling chamber upstream of the test section. Flow-field
measurements were made at five stations around the tunnel circuit by using instrumented plates riding on cables, and
flow visualization tests were conducted at two tunnel stations. Each of the stations was the site of multiple surveys
with the instrumented plates; at four stations vertical surveys were made, and at three stations horizontal surveys
were made. The instruments mounted on the plates sensed the total and static pressures, total temperature, airspeed,
flow direction, and turbulence levels. These data provided very detailed quantitative information about the flow field
at each station surveyed. Smoke flow visualization provided qualitative data both. on the flow field downstream of
the test section.

There was a major concern about the effect of the facility heat exchanger on the overall flow quality in the
tunnel. Figure 2 shows an elevation view of the facility primary heat exchanger. The folded design of the heat

"When this testing was done, the NASA Glenn Research Center was known as the NASA Lewis Research Center. The new name, NASA
John H. Glenn Research Center at Lewis Field, became official on March 1, 1999.
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exchanger increases the area available for cooling, which is required to create the cold static temperatures needed to
produce icing conditions. There are three folds in the main heat exchanger. At each fold, contoured fairings are used
to house coolant supply and return piping, thereby reducing the total pressure loss of the heat exchanger. Although
the heat exchanger is absolutely necessary to produce the low temperatures needed for icing simulations, it does
degrade the aerodynamic flow quality of the facility (ref. 1). In addition to documenting the existing flow quality at
these stations in the tunnel loop, we conducted a sensitivity study to determine the effect of the heat exchanger’s
turning vanes on the flow downstream from the heat exchanger. A symbols list is provided in appendix A to aid the

reader.

DESCRIPTION OF FACILITY

The NASA Glenn Research Center Icing Research Tunnel (IRT) is a closed-loop atmospheric tunnel with rec-
tangular cross sections. The airflow is driven by a 25-ft-diameter 12-blade fan that is powered by a 5000-hp electric
motor. The tunnel test section is 6-ft high, 9-ft wide, and 20-ft long. The velocity in an empty test section can be
varied from 50 to 400 mph (Mach number range of 0.065 to 0.56) at 0 °F. A schematic of the tunnel is shown in
figure 1. A 2100-ton heat exchanger (cooler) located in the tunnel leg between corners C and D is used to control the
tunnel air temperature. The heat exchanger (see fig. 2) has been designed with folds to increase the amount of
cooling area available. Fairings at the heat exchanger folds house inlet and outlet piping for the coolant. A set of
eight horizontally oriented spraybars, located upstream of the test section, inject atomized water into the airflow to
create icing conditions (no icing conditions were studied in these tests). A complete descnptlon of the facility can be
found in reference 2.

INSTRUMENTATION AND TEST HARDWARE
Flow-Field Surveys

Several different types of flow-sensing probes were used during the flow-field surveys, including pitot-static
probes, thermocouples, hot-wire anemometry probes, and wind anemometers. A traversing plate mechanism was
used to position the probes at any point along a particular survey plane. The survey planes studied during these
surveys are shown in figure 1. The traversing plate mechanism and each of the probe types are described in the
following paragraphs.

Pressure probes.—Standard pitot-static probes were used to sense the total and dynamic pressures. Two pitot-
static pressure probes were mounted on each traversing plate. Originally, the pressure probes were on supports that
moved the probe heads well off to the sides of the plates to allow for measurements closer to the tunnel surfaces.
These probes were replaced with probes that extended directly forward of the plate. This change was made because
we felt that the smaller probes might enhance the stability of the plate in the airflow. The transducers used to meas-

ure the total and dynamic pressures were mounted on the tunnel floor at the survey station to reduce the length of the
pressure tubing. Absolute transducers (0- to 25-in. H,O range) were used for the total pressure measurements, and

differential pressure transducers were used for the dynamic pressure measurements. (Transducers in the 0- to 1-in.
H,O0 range were used for the first run; all subsequent runs used transducers in the 0- to 5-in. H;O range.)

" Thermocouples.—One Chromel-Alumel (type K) aspirated thermocouple was mounted on each traversing plate
to measure the total temperature distribution. Such thermocouples are accurate to =1 °R.

Wind anemometers.—Vane wind anemometers were used to measure airspeed and two components of flow
angle. (A typical wind anemometer is shown in fig. 3.) The wind anemometers were calibrated for airspeed and flow
angle prior to the tunnel tests. Linear calibration relationships were used to convert the output from the anemometers
directly to engineering units. These instruments are accurate to within +3.28 ft/sec in airspeed, £0.35° in pitch angle,
and +£0.25° in yaw angle.

Hot-wire anemometry.—Hot-wire anemometry was used to measure the mean airspeed, turbulence levels, and
flow direction. Commercially available hot-wire probes (one- and two-component probes), constant temperature
anemometers, signal conditioners, and a 12-bit analog-to-digital converter were used. A personal computer with
commercially available software controlled the data acquisition and carried out the subsequent data reduction.

Traversing plates.—For obtaining velocity and pressure distribution data across the large sections of the tunnel,
a traversing plate mechanism was used. This apparatus consisted of a flat plate supported by cables at the leading

NASA/TM—2000-107479 2



and trailing edges. The cables were attached to channels that were mounted to the tunnel walls. The leading edge
cable rode on a pulley driven by a remotely controlled electric motor, so the plate could be positioned at any point
across the tunnel. The traverses were operated along both horizontal and vertical surveys. Two traversing plate
setups were used simultaneously at each tunnel-loop area surveyed during these studies. Figure 4 shows this
apparatus installed downstream of the spraybars in the settling chamber (survey station 5). Two different instru-
mentation layouts were used for the traversing surveys (see fig. 5), depending on the type of pitot-static probe used.
Configuration 1 was used for surveys made downstream of the heat exchanger (station 3) and for some surveys
upstream of the spraybars (station 4); configuration 2 was used for all other surveys.

Data system.—Real-time data acquisition and display were provided by Escort D+, the standard data system
used in the large test facilities at the NASA Glenn Research Center. This system was used to record the signals from
all steady-state analog signals (all pressure transducers, thermocouples, wind anemometers, traverse controls, and
tunnel parameters; hot-wire anemometry data were collected by using a separate system, as described previously).
The Escort D+ facility microcomputer acquires the data, converts the data to engineering units, executes perfor-
mance calculations, checks limits on selected channels, and displays the information in alphanumeric and graphical
form at a rate of 1 update/sec. For this test, each collected data reading was the average of 20 scans (20 sec) of data.

Flow Visualization

A commercially available hand-held smoke wand system was used to manually place smoke into the airstream
for visualization purposes. In this system, liquid propylene glycol is heated to form a superheated vapor, which is
forced through an 8-ft-long wand. The vapor condenses to form a viable cloud when it is discharged from the nozzle
at the end of the wand. This smoke-generating system permitted visualization of the flow field around the drive
motor housing and in the settling chamber upstream of the test section.

TEST PROCEDURES

Prior to the start of the test entry, the hot-wire probes and wind anemometers were calibrated over the expected
operating range by using the free-jet calibration rig in cell CE-12 of the Engine Research Building. During
installation of the traversing hardware, all appropriate measurements were made to determine the position of the
probes during the surveys. Prior to each run, the traversing plate position was calibrated. A simple two-point cali-
bration relating distance from the reference surface (as measured by a tape measure) to the output voltage was used.
For vertical surveys, the traverse position was referenced to the tunnel floor; for horizontal surveys, the inside tunnel
wall was the reference. The pressure transducers were also zeroed prior to each run (the delta pressure transducer
output was set to zero, and the absolute pressure transducer output was set to match the barometric reference
pressure).

The test matrix for the flow quality surveys is given in table 1. The order in which the surveys were made can be
inferred from the run number column: the first surveys were conducted downstream of the heat exchanger and the
last were downstream of the spraybars. (The testing priority was based on the need for the data.) For each test run,
the tunnel total temperature was held constant at 40 °F (500 °R). All tests were conducted with an empty test section
(no blockage in the test section). No air or water sprays were used during these surveys. Each survey was conducted
at airspeed conditions based on test section velocities Vzsof 350, 250, 150, and 50 mph (only the data for 350 and
250 mph are presented in this report). Typical test section conditions are listed in table 2. At most of the survey
stations, two surveys were made. For the first, the traverse was stopped at discrete points along the survey line, and
data were collected from all the instrumentation at each point. The second was a continuous motion survey in which
data were collected from only the hot-wire instrumentation. For most test runs, the discrete point surveys were
conducted first, starting at the highest test section velocity then stepping down through the velocity schedule. The
continuous surveys were conducted next, starting at the lowest velocity setting and stepping up through the range.
Data were collected in both directions across the survey line (i.e., from floor to ceiling and back to the floor for a
vertical survey). For the discrete point surveys, data were collected every 6 to 12 in. along the initial survey and then
in 18- to 36-in. increments along the return survey. One data reading was collected at each survey increment (20 sec
of data were averaged for each data reading). For each survey, about 50 data readings were collected. All data were
monitored online with the Escort D+ displays. A detailed log was maintained to track any data anomalies that
occurred during the testing.
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DATA REVIEW AND REDUCTION

The first step of the data analysis process was to review the quality of the collected data. This was done by
reviewing graphical output and tabular listings of the data. Any anomalies were noted and investigated. If the cause
for the anomaly could be determined and corrected, the appropriate modifications were made in the data analysis
software; otherwise, the questionable data were not used in any further analysis. The only major anomaly that was
found during the data review was the mismatch of the total pressure levels sensed by the two probes on each traverse.
The difference in pressure levels was too small to detect during the data collection. Since the primary intent of the
test was to determine the flow quality in the tunnel loop, the data trends—not the absolute values of the data—were
of greater importance. In order to better understand the data trends, the measurement offset of one pressure measure-
ment was adjusted so that the absolute pressure levels sensed by the two probes were the same. In doing this, one
continuous data trace was created with the data from the two pressure probes. This greatly simplified the task of
analyzing the pressure distributions at each station. The offsets were generally small, on the order of 0.010 to
0.020 psia, although larger offsets were required in some cases. Probe | readings were used as the reference
pressure, and probe 2 data were adjusted to match (there was only one exception to this rule). The differences were
probably due to incorrectly setting the transducer offsets prior to each test run and due to temperature changes in the
tunnel during the testing (the transducers were mounted inside the tunnel for each test). These small changes to the
total pressure levels had no effect on the remaining data analysis. However, the total pressure levels at different
traverse positions cannot be compared to determine gradients at a station, nor can data from different stations be
compared to determine losses through the tunnel loop.

Static pressure was calculated from the measured total and differential pressures from the following equation:

P,=F,-AP (1)

The Mach number was then determined from the ratio of static to total pressure (eq. (44) from ref. 3) by using

Y = L4
~0.2857
M= ] ~1 2)
Velocity was determined by using the definition of Mach number, M = V/a, where a is the speed of sound
(a= (')(RTS)O‘5 ). The static temperature T, was calculated by using the following relation (eq. (43) from ref. 3):
T
T = 3
_1+02M°

For any orie data pomt (reaﬁg), there were two’ sets of pressﬁre measurements (one ﬁ'om eacB of dle two pitot- statlc

: rnounted on each traverse) and one tempeféfure measurement. The

in the calculation of velocity at both pressure probe positions. The local velocity was thcnr de;emnned by using

Ve T @

The output from the thermocouples and wmd anemometers was converted to engmeermg units via cahbranon curves.

The absolute Value of the ﬂow angles measured by the wmd anemom ters was shghtly affected by the angle of the

The hot- -wire probes we}e cahbrated

in the TR atlon curves relatg
-film probe. Once the ‘calibration curves were “generated, they were “used to
transform the raw bridge voltage data into unsteady velocity data. Means and standard deviations of the unsteady
velocity data were then computed. Turbulence intensity was computed from these statistical quantities:

rto use in th IRT The
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DISCUSSION OF RESULTS
Flow-Field Surveys

Flow quality measurements were made at stations 2 through 6, as illustrated in figure 1, around the tunnel circuit
of the Icing Research Tunnel. At each station, surveys were made across the tunnel cross section in order to docu-
ment the total and static pressure, total temperature, airspeed, flow direction, and turbulence levels over the operating
speed range of the facility. The data collected and the results of the data analysis at each station are discussed in the
sections that follow. The data presented in this section—that is, the total and static pressures and total temperature—
were normalized by the corresponding test section condition. Because the transducers were placed inside the tunnel,
the transducer zeros drifted, so some of the pressure data indicated unreasonable pressure levels (slightly higher total
pressures); however, these had only a small effect on the data set, and the overall data trends were unaffected. Only
data corresponding to test section airspeeds of 350 and 250 mph are presented in this report (data at 150 and 50 mph
are not included). This decision was made primarily for brevity, in that the data trends recorded at the high-speed
conditions were also seen at the lower speed conditions and because some of the instrumentation (generally the wind
anemometers and in some cases the pitot-static probes) did not always operate reliably at the low airspeeds encoun-
tered in the tunnel loop at Vs = 150 or 50 mph. A listing of all collected readings is contained in appendix B.
Appendix C has tabular listings of flow-field survey data for the 250 and 350 mph V75 conditions.

Station 2: Downstream of the fan drive motor housing.—Two vertical and two horizontal surveys were made
downstream of the drive motor housing. The survey plane was approximately 23.75 ft downstream of the aft end of
the housing. The tunnel at the survey plane is 29.17-ft wide by 26.17-ft high. The traverse locations were at intervals
approximately one-third the tunnel dimension; the vertical surveys were made at 9.46 and 19.52 ft from the south
(inside) tunnel wall, and the horizontal surveys were made at 8.69 and 17.5 ft above the tunnel floor. All surveys
were made under standard tunnel operating conditions and with the standard configuration.

The total pressure data along the station 2 vertical surveys are shown in figure 6. These data show a fairly
uniform pressure profile over the upper half to two-thirds of the survey, but they indicate a high-pressure region at
the lower portion of this station. The effect is more evident at the traverse location nearer the inside tunnel wall. The
high-pressure region decreases with decreasing airspeed. Figure 7, which presents the static pressure data along the
vertical surveys at station 2, shows a fair amount of data scatter at the Vrg= 350 mph setting, probably because the
transducers are located inside the tunnel. These data indicate that there is a static pressure gradient in the vertical
plane, with the higher pressures occurring near the ceiling.

Figure 8 contains the velocity data from the pressure probes along the vertical surveys at station 2. The reason
for the discrepancy between the total pressure and velocity levels measured by the two probes on traverse 1 is not
known. These data show that there is a large velocity gradient in the vertical plane, with lower airspeeds closer to the
tunnel ceiling. This result is consistent with the trends shown by the total and static pressure data. The gradient is
more severe closer to the inside tunnel wall. o ) )

Velocity measured by the wind anemometer is shown in figure 9. These data match the pressure probe data very
closely in both magnitude and trend, confirming the strong negative gradient from floor to ceiling. Comparison of the
pressure probe data and wind anemometer data from traverse | shows that the results from the pressure probe closer
to the inside tunnel wall (probe 2 for this configuration) and those from the wind anemometer closely agree at all
conditions. (This implies that the difference in the airspeeds measured by pressure probes 1 and 2 on traverse 1 was
due to some problem associated with probe 1, which makes the data from that probe suspect for this configuration.)

Total temperature data along the vertical surveys at station 2 are given in figure 10. In general, these data show a
uniform temperature profile in the vertical plane with variations of less than 2 °R, although there was a 4 °R gradient
measured near the inside tunnel wall at the Vrs = 350 mph setting (higher temperatures were measured near the tun-
nel floor). )

For a better understanding of the flow angularity data downstream of the drive motor housing, where the effects
of the fan rotation are very prominent, see the definitions of the expected flow direction components in figure 11.
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Positive pitch flow angle is defined as upflow, and positive yaw (crossflow) angle is defined as flow from the inside
to the outside tunnel wall, Figure 12 shows the pitch flow angle along the vertical surveys at station 2. The expected
distribution would be pitch angles that are larger near the midpoint of the vertical surveys than near the tunnel floor
or ceiling. Downward flow (negative pitch angles) would be expected along the inside tunnel wall (traverse 1) with
upflow (positive pitch angles) along the outside tunnel wall (traverse 2). This is the general trend indicated by the
data, although traverse 1 data does indicate positive pitch flow angles (this could be due to the angle of incidence of
the traverse plate, which was not measured or otherwise accounted for in the data reduction).

The yaw flow angle distributions along the vertical surveys at station 2 are given in figure 13. The data show
that there is a negative yaw angle along the upper portion of the survey (flow from outside to inside wall), a positive
vaw flow angle along the lower portion of the survey, and a 0° yaw angle at the center of the survey for all test con-
ditions. These results are consistent with yaw angle expectations based on the swirl produced by the fan rotation. The
maximum yaw angle recorded was approximately 10° in both the positive and negative directions. The data also
indicate more of a gradient in yaw angle along the upper portion of the surveys; along the lower portion the distribu-
tion is more uniform. The difference in the shape of the distribution above and below the centerline may be due to
the drive motor housing supports, which may straighten the flow somewhat below the centerline.

Results from the hot-wire anemometry measurements are presented in figures 14 through 18. Figure 14 shows
the mean axial velocity distribution measured by the hot-wire probes along the vertical surveys made at station 2.
These data agree very well in magnitude and trend with the velocities recorded by the pressure probes and wind
anemometer. Figure 15 shows that the vertical velocity gradient is apparent for all test conditions, that the gradient is
more pronounced along the inside wall traverse, and that higher mean velocities were recorded nearer the inside
tunnel wall.

The pitch flow angles measured by the hot-wire probes are presented in figure 16. Again, these data closely
agree with the wind anemometer pitch flow angle data in both magnitude and distribution. The axial turbulence
intensity for this test configuration is given in figure 17, which shows that axial turbulence intensity increases with
distance from the tunnel floor (the local velocity at this station decreases with distance from the tunnel floor). The
axial turbulence varies from about 10 percent near the floor to as high as 30 percent toward the ceiling. Also, slightly
higher axial turbulence levels were recorded along traverse 2, nearer the outside tunnel wall (lower velocities were
recorded along traverse 2 than along traverse 1). Similar trends were seen for turbulence levels in the vertical direc-
tion for these surveys (fig. 18). These trends are due to the disturbances caused by the drive motor housing and to the
poor airflow distribution out of the fan along the outside tunnel wall.

Figures 19 and 20 show the total and static pressure ratio distributions, respectively, for the horizontal surveys
made downstream of the drive motor housing. The data from traverse 1 (upper survey) indicate a fairly uniform total
pressure distribution across the tunnel for all the conditions; however, traverse 2 (lower survey) data indicate uni-
form total pressure distributions only for the Vs = 150 and 50 mph settings. At the Vzg =350 and 250 mph settings,
higher total pressure levels were recorded along the inside half of the survey. At the Vg = 350 mph setting, the data
show a higher total pressure region along the lower traverse between 100 and 200 in. from the inside tunnel wall.
The static pressure distributions show fairly uniform distributions (variations on the order of 0.010 psia), although
there is a slight static pressure gradient at the Vs = 250 mph setting, with higher static pressures nearer the inside

tunnel wall (the data scatter at the V75 = 350 mph setting masks any trend in the dlstnbutlon)
The pressure probe velocity data from the horizontal surveys are given in figure 21.° * The data indicate that the

airspeed is much hlgher along the inside half of the survey plane, especxaﬂy for traverse 2 (lower survey). ‘The veloc-
ity peak at about 140 in. from the inside tunnel wall corresponds to the position of the high total pressure | levels
shown in figure 19. This high velocity is probably due to the presence of the drive motor housing supports. The low
velocities recorded near the outside tunnel wall confirm results from past studies (ref. 1) and the current flow visuali-
zation. The wind anemometer velocity data (fig. 22) agree closely with the pressure probe velocity data in both trend

and magnitude. Comparison of the wind anemometer data and pressure probe data on traverse 1 shows that pressure

probe 2 and the wind anerridmetér agree (as was the case for the vertical éurveys at this station; data from probe 1 is

considered suspect)
EhstnBqu

“The horizontal total temperature ns ’(fig 33) indicate 3 ‘gradiéﬁ?c}as"s the tinnel, with hi gher temper-
atures recorded near the inside tunnel wall. The gradient is most evident at the V75 = 350 mph setting, where a 3°

gradient was recorded for traverse 2 (lower survey) and a 2° gradient for the upper traverse. The magnitude of the
gradient decreases with decreasing velocity.

*As a check of the data quality, the velocities measured along the vertical and horizontal surveys were compared where the survey lines
intersected. For all cases checked, the velocity readings agreed to £1 ft/sec or better.
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Pitch and yaw flow angle data are presented in figures 24 and 25, respectively. The fan rotation was expected to
induce a swirl to the flow that would produce a negative pitch component (downflow) along the inside portion of the
survey and a positive (upflow) pitch component along the outside portion of the survey (fig. 11). Thus, the pitch
angle distribution would vary from large flow angles near the tunnel walls to 0° angles near the center of the survey.
The pitch angle data indicate this trend for the inside portion of the survey, with large negative pitch angles near the
inside tunnel wall and the magnitude of the pitch angle gradually approaching zero near the center of the tunnel.
However, the pitch angle does not continue to increase to a large positive value over the outside portion of the
survey. Along this part of the survey, the pitch angle remains constant or decreases slightly.

In the horizontal surveys, the yaw angle was expected to remain virtually constant—with higher angles near the
tunnel centerline, negative angles along traverse | (upper survey), and positive angles (outflow) along traverse 2
(lower survey). The data (fig. 25) indicate that such is the case, although at all test conditions, the yaw angles
recorded along the inside portion of the surveys were higher than those along the outside portion for both traverses.
The fact that both the pitch and yaw data in the outside half of the tunnel downstream of the drive motor housing did
not indicate flow angles that follow the swirl induced by the fan is an indication of low flow quality in that area. The
flow angle data from the horizontal surveys indicate reversed flow at some points between the drive motor housing
and the outside wall.

Results from the hot-wire probe measurements along the horizontal surveys at station 2 are given in figures 26
through 30. The mean axial velocity data (fig. 26) agree with the pressure probe and wind anemometer data in both
magnitude and trend (for traverse 1, the hot-wire data agree with pitot-static probe 2, as does the wind anemometer).
The three sets of independent velocity data all show that there was a definite deficit region toward the outside of
the tunnel, most likely caused by the drive motor housing supports blocking the whirl flow. The yaw flow angle
measurements by the hot-wire probes along the horizontal surveys (fig. 28) provide a clear presentation of the yaw
angle for this configuration. These data, which also agree with the wind anemometer flow angle data for both
traverses in all test cases, show positive angles (outflow) along the lower traverse (traverse 2) and negative angles
(inflow) for the upper traverse (traverse 1) between the inside wall and the drive motor housing. Between the drive
motor housing and the outside tunnel wall, the data from both traverses reveal a change in the flow direction that the
fan swirl would be expected to induce; this is indicative of poor flow quality.

Figure 29 shows the axial turbulence intensity for the horizontal surveys. The turbulence levels are the same for
the Vrs = 350 and 250 mph test conditions. For both the upper and lower traverses, the turbulence levels along the
inside portion of the survey are about 20 percent for all test conditions (slightly less for the lower traverse), but then
they increase beyond the drive motor housing to 30 percent near the outside tunnel wall. This is another indication of
the poor flow quality in that area of the tunnel. The crossflow turbulence intensity data (fig. 30) indicate 10 percent
Ievels near the inside wnnel wall, increasing to about 20 percent near the outside tunnel wall.

Station 3: Upstream of the heat exchanger.—Two vertical surveys were made upstream of the heat exchanger.
In this leg of the tunnel circuit, the tunnel is 29.17-ft wide by 26.17-ft high; however, because of the configuration of
the heat exchanger and turning vanes, the actual survey area was 12.33-ft wide by 26.17-ft high.” The survey plane
was approximately 2.42-ft upstream of the leading edge of the heat exchanger fairings. The traverse locations were at
5.56 and 12.33 ft from the outside (west) tunnel wall. All surveys were made under standard tunnel operating condi-
tions and with the standard configuration.

The total pressure distributions along the vertical surveys conducted upstream of the heat exchanger (fig. 31)
indicate a gradient at the higher velocity settings, with higher total pressure levels recorded near the tunnel floor. At
Vzs = 350 mph, the gradient is about 0.020 psia; it decreased to about 0.010 psia at 250 mph. More severe gradients
were recorded along traverse 2 (closer to the inside tunnel wall). At the lower velocity settings, the total pressure
distribution was uniform.

Figure 32 shows the vertical static pressure distributions at station 3. As is typical of this data set, there is a good
deal of scatter in the static pressure data at 350 mph. The scatter in the static pressure data was significantly reduced
at the lower velocities. At 250 mph, a vertical gradient occurred (higher pressures near the floor), with a nonuniform
distribution over the gradient. These nonuniformities could be caused by the presence of the heat exchanger (pres-
sure disturbances associated with the shape of the heat exchanger and the fairings at the heat exchanger folds). The

*There are two heat exchangers in the tunnel loop between the C and D corners: the large outer heat exchanger, which has three folds, and a
smaller inner heat exchanger, which has six folds. The two heat exchangers are separated by a wall (called the splitter wall). The surveys
described in this report were made upstream and downstream of the outer heat exchanger, that is, between the outside tunnel wall and the heat
exchanger splitter wall. The width of the survey plane at station 3 is the distance from the outside tunnel wall to the comer C turning vanes at the
actual measurement plane.
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variation in the static pressure along the vertical surveys at 250 mph are about 0.018 psia. At the lower velocity
settings, the gradient trend was not recorded, but there was some variation in the static pressure distribution due to
the heat exchanger pressure disturbances. ’

Velocity data from both the pitot-static probes and the wind anemometers indicate a gradient along the vertical
surveys upstream of the heat exchanger (figs. 33 and 34, respectively). Higher velocities were recorded near the
tunnel floor at all test section velocities, with traverse 2 (closer to inside tunnel wall) showing higher velocities than
traverse 1. The velocities measured near the floor were twice as high as those measured near the tunnel ceiling. At all
test conditions, the velocity increased with distance from the floor to a height of about 70 in., then steadily decreased
toward the tunnel ceiling. This is the same trend recorded in earlier studies (ref. 1). The exact cause of the gradient is
not known, but it is thought to be related to poor flow quality along the outside tunnel wall from the drive motor
housing through corner C, as documented in this and earlier studies (ref. 1).

Figure 35 shows the vertical total temperature distribution at station 3. These data show that for both traverses
and at all test conditions, the total temperature variation is on the order of 2 °R or less. The shape of the distributions
and the magnitude of the variations from the two traverses at each test condition closely agree.

Data from pitch and yaw flow angle surveys are shown in figures 36 and 37, respectively. The pitch flow angle
data from the two traverses indicate very different distributions; traverse 1 data (nearer to the outside wall) indicate
large positive pitch angles (upflow), whereas traverse 2 data indicate large negative pitch angles (downflow). The
distributions from the two traverses are a mirror image of one another, but the data do not correlate well with the
hotwire data or with data from earlier tests. The yaw angle data distributions (fig. 37) again indicate mirror image
distributions from traverses 1 and 2. Since both the pitch and yaw distributions are mirror images, it is possible that
one anemometer was incorrectly installed (mounted inverted or wired improperly). At this point, it is not possible to
determine if this was the case. There are some similarities between the current pitch and yaw data and the data
collected in an earlier study (ref. 1), but there is not enough consistency in the trends to indicate where the problem
was or how the data could be logically corrected. The flow angle data collected at station 3 are included here for
completeness, although they are believed to be of little value.

Results from the hot-wire anemometer are presented in figures 38 through 42. The mean axial velocity magni-
tude and distribution for both traverses (fig. 38) very closely match both the pitot-static probe and wind anemometer
data. The hot-wire data show slightly higher velocities along traverse 1 than was measured by the wind anemometer.
The mean velocity in the vertical plane (pitch direction) indicates upflow over most of the survey, except near the
tunnel ceiling where downflow is indicated (fig. 39). These trends in vertical velocity are also exhibited in the pitch
angle data measured by the hot-wire probes (fig. 40). The axial and vertical turbulence levels at station 3 (see figs.
41 and 42) are similar for the Vs = 350 and 250 mph settings. For these test conditions, axial turbulence varies from
10 to 18 percent, and vertical turbulence varies between 6 and 14 percent. Axial turbulence varies around a mean
value, whereas the vertical turbulence shows a slight gradient trend with higher turbulence recorded near the tunnel
ceiling along both traverses.

Station 4: Downstream of the heat exchanger.—The tunnel and test configurations downstream of the facility
heat exchanger are very similar to those upstream of the heat exchanger. Two vertical surveys were made down-
stream of the heat exchanger. The survey plane was approximately 2.04-ft downstream of the trailing edge of the
heat exchanger fairings. Traverses were made at 5.35 and 12.11 ft from the west (outside) tunnel wall. All surveys
were made under standard tunnel operating conditions; however, it should be noted that the heat exchanger was
working at only a fraction of its capacity. The tests were all conducted at a nominal 500 °R (40 °F) setting; for icing
tests, total temperatures as low as —20 °F are required. Several surveys were made to determine the effect on the flow
quality due to the configuration of the heat exchanger’s exit guide vanes.

Figure 43 shows the total pressure distributions downstream of the heat exchanger at the two vertical survey
locations. The data indicate that the heat exchanger configuration does have an adverse effect on the total pressure
distribution. The distributions are similar for both traverse locations, with a large deficit region at the center of the
tunnel and two smaller disturbances at 80 and 230 in. (6.7 and 19.2 ft, respectively) from the floor. Each of the total
pressure distortions was caused by the fairings at the folds of the heat exchanger—the large deficit region by the
fairing over the centerline fold of the heat exchanger, and the two smaller disturbances by the fairings at the off-
centerline folds.

The disturbances caused by the heat exchanger are more dominant at the higher test section velocity settings. At
the 350 mph setting, the centerline total pressure deficit is approximately 0.014 psia; at 250 mph, it is on the order of
0.007 psia. At the lower test section velocity settings, the presence of the heat exchanger is still apparent, but the
magnitude of the disturbances is much less severe. Figure 44 shows the static pressure data along the two surveys.
There was a lot of scatter in the data at 350 mph, but we cannot be certain that this is due only to the heat exchanger
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effects. At 250 mph and lower settings, the amount of data scatter is less, and the static pressure profiles are fairly
uniform.

Velocity data measured by the pitot-static probes are shown in figure 45, and those measured by the wind ane-
mometer are shown in figure 46. As with the total pressure, the velocity distributions for both survey locations are
very similar. These data very clearly show the effect of the folded heat exchanger on the tunnel flow quality. Deficit
regions corresponding to the height of the fairings at the heat exchanger folds are evident at both the V75 = 350 and
250 mph settings. The airspeed recorded in the large centerline deficit is about half of the peak airspeed measured
along the survey. The velocity data also clearly show the wake region of the off-centerline fold fairings at
approximately 80 and 230 in. above the tunnel floor.

The total temperature distributions from vertical surveys downstream of the heat exchanger are shown in
figure 47. These data show large variations in the total temperature over most of the survey at the Vrs = 350 mph
setting, but the magnitude of the variations and the affected survey length decrease at lower velocity settings. At the
highest velocity setting, uniform temperature distributions were recorded over only the upper fourth of the surveys.
Over the lower three-fourths of the surveys, temperature variations of 10 to 15 °R were measured for both traverses
(with slightly higher variations along traverse 1, nearer to the outside tunnel wall). At Vrs= 250 mph, the uniform
portion of the temperature distribution increased to the upper third of the survey, and the largest variations were
restricted to the lower quarter of the survey. Over most of the survey, the variations were on the order of 5 °R,
although variations of up to 15 °R were recorded along the lower quarter of the survey. The poor temperature
distributions downstream of the heat exchanger may be partially due to the exceptionally low coolant flow through
the heat exchanger during these flow quality tests, which affects the uniformity of the heat transfer over this area.

Pitch flow angle data at this station are shown in figure 48. At all Vi settings, the flow followed the folds of the
heat exchanger at both traverse locations. For example, the pitch flow angle from 0 to about 80 in. above the tunnel
floor was positive (upflow), which matches the orientation of the lowest element of the heat exchanger. From 80 to
160 in. above the floor, negative (downward) flow angles were recorded, which again matches the orientation of the
second heat exchanger element, and so on. This indicates that the heat exchanger exit guide vanes tend to “overturn”
the flow, causing it to follow the contours of the heat exchanger rather than flow axially into the tunnel duct.

The yaw (crossflow) angle data exhibit essentially uniform distributions along the vertical survey for all test
conditions (at V5 = 50 mph, the wind anemometer was apparently not functioning; see fig. 49). The only discontin-
uities in the distributions were due to the wakes of the fairings at the heat exchanger bends at 78, 156, and 234 in.
above the tunnel floor. Traverse 1 (nearer to the outside tunnel wall) revealed a yaw angle of virtually zero over the
survey. Traverse 2 revealed negative yaw angles (flow toward the inside tunnel wall) of the order of 5° because the
flow was being influenced by the corner D turning vanes (the flow was starting to make the turn around corner D).
The results of additional studies to determine the effects of the heat exchanger exit guide vanes on the flow quality at
station 4 are contained in appendix D.

Station 5: Upstream of the spraybars.—Three horizontal and three vertical surveys were made at station 5.
Since only two traverse systems were available during the testing, four runs were required to complete the six sur-
veys at station 5. At this station the tunnel measures 29.17-ft wide by 26.17-ft high. The survey plane was located
3.29-ft upstream of the leading edge of the spraybar vertical support struts. The vertical surveys were made at 7.35,
16.42, and 21.92 ft from the north (inside) tunnel wall; the horizontal surveys were made at 6.55, 13.06, and 19.56 ft
above the tunnel floor.

Total pressure ratio distributions along the vertical surveys at station 5 are shown in figure 50. The effect of the
heat exchanger configuration on the flow quality is still evident in the data along all three vertical surveys made at
this station: the centerline deficit area still appears large, but the smaller disturbances caused by the upper and lower
folds of the heat exchanger have dissipated. The data also indicate that there were higher pressure levels along the
lower portion of the survey than along the upper part. The static pressure data (fig. 51) show a high degree of scatter
at the Vs = 350 mph setting for the inside wall and centerline surveys (less data scatter was recorded for the outside
wall survey); the variation in the data decreased with decreasing velocity.

The velocity distributions from the pitot-static probes and the wind anemometers are presented in figures 52 and
53, respectively. As with the total pressure, the velocity distributions were very much affected by the heat exchanger
configuration. The centerline deficit region caused by the middle fold of the heat exchanger is still very apparent in
the velocity distributions along all three vertical surveys at station 5. The disturbances caused by the upper and lower
heat exchanger folds were not as severe as at station 4, but both are evident along the survey closest to the inside
tunnel wall. However, only the lower fold disturbance appears along the survey nearest the outside tunnel wall.
These disturbances are not as strong along the centerline vertical survey.
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The total temperature distributions (fig. 54) reveal a temperature gradient in the vertical plane, with the higher
temperatures near the tunnel ceiling. The gradient is more severe near the outside tunnel wall. There is also another
temperature distortion at the tunnel centerline at the Vs = 350 mph setting, which is most likely an artifact of the
heat exchanger configuration. At Vzg = 350 mph, the vertical temperature gradient is 6 °R along the inside wall
survey, 8 °R along the centerline survey (the peak variation along the centerline survey is 11 °R), and 16 °R along
the outside wall survey. The magnitude of the gradient and the temperature distortions decreased with the velocity.

Figure 55 shows the pitch flow angle data taken from vertical surveys upstream of the spraybars. Although the
data indicate upflow along the entire survey (positive angles), it is likely that there was a bias in the data caused by
an offset angle in the traversing plate. In any event, the trend exhibited by the data is correct. The data show that the
pitch angle was fairly constant along the surveys, with slightly larger flow angles being recorded along the lower half
of the survey (this trend is more noticeable at the higher velocity conditions). The discontinuities recorded at 80 and
240 in. above the tunnel floor in the survey nearest the inside tunnel wall were caused by the heat exchanger fold
fairing extensions (junction of the heat exchanger, the turning vanes, and the splitter wall). Similar trends can be seen
in the yaw angle data (fig. 56). Constant yaw flow angles were recorded along the centerline and outside wall sur-
veys; the magnitude of the yaw flow angle along these surveys was close to zero (+2°). The data from the inside wall
survey show the discontinuities caused by the heat exchanger fairings. :

Figure 57 shows the total pressure ratio distributions along the horizontal surveys upstream of the spraybars. For
all conditions and locations, the total pressure distributions are uniform and do not show any gradients or other non-
uniformities across the tunnel. The static pressure profiles across the tunnel are shown in figure 58. As at other test
locations, there is a high degree of scatter in the static pressure data at the higher velocity conditions, particularly
along the upper survey; the reason for the scatter is not known. Because of the scatter in the static pressure data, no
firm conclusions could be drawn about the flow quality in terms of static pressure for these data.

The velocity surveys (fig. 59) are the best indicators of the flow quality across the tunnel at this station even
though there was some problem with the velocity data along the upper traverse. At Vg = 350 mph, the velocity
measured along the upper survey was lower than would be expected when compared with the vertical survey data.

Also, at all Vg settings, one of the two pitot-static probes along the upper survey was not operating properly and

indicated a Iower velocity that the other probe did. Otherwise, the velocity data from the horizontal surveys agree

well with those from the vertical surveys. The upper and lower surveys indicate higher velocities than the centerline H
survey does (except at Vs = 350 mph, because of the upper survey probe problem), which confirms the distributions- |
from the vertical surveys. The low-velocity region near the inside tunnel wall (between 0 and 60 in. from the inside i
wall) is the area downstream of the secondary or inner heat exchanger. This portion of the distribution represents the
flow exiting the area between the inside tunnel wall and the splitter wall between the pnmary and secondary heat
exchangers. .

Along the upper and lower surveys, the velocxty decreased over the outside thlrd of the survey (from =220 to
320 in. from the inside wall), whereas along the centerline survey it increased slightly over this same area. This
probably indicates a gradual smoothing of the flow discontinuities caused by the heat exchanger as the distance from
the heat exchanger increased. Along the centerline survey, the velocity spike at 60 in. from the inside wall was
caused by the splitter wall; the discontinuity between 250 and 270 in. was probably caused by a heat exchanger
vertical support strut. The velocity distributions from the wind anemometers (fig. 60) are the same as the distribu-
tions from the pressure probes.

Total temperature distributions across the tunnel at station 5 are shown in ﬁgure 61. At the Vg =350 mph :
setting, there is a total temperature gradient of 10 to 15 °R across the tunnel along the lower and centerline surveys, :
with the higher temperatures recorded near the inside tunnel wall (the upper survey thermocouple was inoperative at
the test condition). At Vg =250 mph, the gradient along the centerline survey is about 5 °R, but there is no gradient
apparent along the upper survey; the scatter in the lower survey data makes it difficult to draw a conclusion from
these data, although the gradient trend in these data appears similar to that of the centerline survey data. At the Iower
velocity settings, the variation in the total temperature distributions was on the order of 3 °R or less. S

The pitch flow angle data (fig. 62) reveal a constant pitch angle of about 2° (upflow) all across the tunnel except
immediately downstream of the splitter wall, where a disturbance was recorded along each survey for most test set-
tings (discontinuity occurred at 60 in. from the inside tunnel wall). Other than the effect of the splitter wall, these

data mdlcate no SIgmﬁcant flow quality proBIems Figure 63 shows the yaw (crossﬂoW) angle dlStl‘lbuthl’lS across the

data bemg most affected. Away from the area affected by the splitter wall, the data along each survey are fairly
uniform, with the lower and upper survey indicating a slight positive flow (toward the outside tunnel wall) and the
centerline survey indicating a more pronounced negative flow of up to 5° (toward the inside tunnel wall).
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Hot-wire anemometry results are presented in figures 64 through 68. The mean axial velocity data (fig. 64)
match very closely the results from the pitot-static and wind anemometer instrumentation. These data also show the
low-speed region between the inside tunnel wall and the splitter wall, as well as the gradient trend from the tunnel
centerline to the outside tunnel wall along the upper and lower surveys. The hot-wire data from the centerline survey
again match the pitot-static and wind anemometer data in magnitude and general distribution. The yaw flow angles
measured by the hot-wire probes along the centerline and upper surveys are shown in figure 66. These data clearly
show the effect of the splitter wall on the flow field. The magnitude and distribution of the centerline hot-wire data
closely match the wind anemometer data from the same survey; the distribution of the hot-wire upper survey data is
similar to that of the wind anemometer data, except that the hot-wire data indicate a negative flow angle on the order
of 5° (flow toward the inside tunnel wall). The negative yaw flow angle at this station could be an indication of over-
turning by the D corner turning vanes. Along the centerline survey, turbulence levels on the order of 10 percent (see
fig. 67) are indicated. The data vary between 6 and 15 percent for both Vzg= 350 and 250 mph. The upper survey
data indicate lower axial turbulence, ranging from 3 to 12 percent in the center of the tunnel at Vs = 250 to 350 mph
(higher turbulence levels were also recorded near the tunnel walls). Horizontal turbulence levels are presented in
figure 68. The horizontal turbulence varied between 5 and 10 percent along the centerline survey and between 3 and
10 percent along the upper survey at these same velocities.

Station 6: Downstream of the spraybars.—Two horizontal surveys were made at the inlet of the bellmouth-
contraction section. The survey plane was 4.56 ft downstream of the leading edge of the spraybar system support
strut. Although the traversing plates were physically mounted in the bellmouth, the survey plane was taken to be the
exit of the settling chamber (the tunnel at this station was 29.17 ft wide by 26.17 ft high). The traverse locations were
8.72 and 17.22 ft from the tunnel floor (roughly one-third and two-thirds of the tunnel height). All surveys were
made under standard tunnel operating conditions.

Figure 69 shows the total pressure ratio distributions across the tunnel at the bellmouth inlet. Here the total
pressure is fairly uniform across the tunnel, although there is a slight gradient along the upper survey at the higher
velocity settings (higher pressures were recorded near the inside tunnel wall). The static pressure distributions are
presented in figure 70. The differential pressure transducers for pitot-static probe 1 on traverse 1 (upper survey) were
not operating properly, so the static pressures calculated with the data from that probe are incorrect; the data from
pitot-static probe 2 along this survey were not affected. The static pressure instrumentation problem is more readily
apparent in the velocity data (fig. 71); the data from probe 1 on traverse 1 are not considered in further discussion of
these data.

The velocity data at station 6 still show the effects of the splitter wall and inner cooler area near the inside tunnel
wall at all test conditions. The gradient along the outer third of the surveys, as seen at station 5, is also still apparent.
The velocity distributions and magnitude from the two surveys were the same for all test conditions (comparing
probe 2 from traverse 1 to all traverse 2 data), indicating a symmetric distribution around the tunnel’s horizontal
centerline. The velocity data from the wind anemometer (fig. 72) also show the similarity between the two survey
planes, the effect of the splitter wall, and the gradient near the outside tunnel wall. The wind anemometer data also
exhibit a slight deficit region near the center of both surveys (more apparent at the higher velocity settings). This is
probably due to the wake of the center vertical support for the spraybar system.

The total temperature data (fig. 73) reveal a significant gradient across the tunnel at the Vs = 350 mph setting;
this gradient is on the order of 10 °R along both the upper and lower surveys, with the higher temperatures near the
inside tunnel wall. This gradient may be a result of less heat being transferred by the secondary heat exchanger since
it is most severe in the area of the splitter wall. The gradient decreases with decreasing test section velocity. At Vg =
250 mph, there is less than 5 °R variation along the upper survey and a gradient of about 7 °R along the lower
survey. At the Iower velocity settings, the variation is on the order of 3 °R or less.

Pitch and yaw flow angle distributions are shiown in figures 74 and 75, respectively. Because the survey plane
was at the inlet of the bellmouth section, the flow was already being influenced by the presence of the bellmouth
contours. In the pitch plane, the data along the upper survey (traverse 1) indicate a downward (negative) flow angle,
whereas data along the lower survey (traverse 2) show an upward (positive) flow angle trend. These are the expected
trends, since the flow from the upper portion of the tunnel would be turned downward (negative flow angle) and flow
from the lower portion of the tunnel would be turned upward (positive flow angle) into the bellmouth. The lower
survey data also show the effect of the splitter wall, although there is no noticeable effect seen along the upper
traverse. The magnitude of the pitch angle is about the same for both surveys over the test range, and it generally
varies between 5 to 10° (at Vz =350 mph, the average pitch angles are —7.1° along both the upper and lower
traverses).
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The yaw flow angle (fig. 75) also clearly shows the effect of the bellmouth contours on the incoming airflow.
For all test conditions, the yaw angle varies from 15° near the inside wall to —15° near the outside wall. The positive
flow angles measured along the inside portion of the surveys indicate flow from the inside toward the outside wall of
the tunnel, which matches the contour of the bellmouth; along the outside portion of the surveys, negative yaw angles
were recorded, indicating flow from the outside wall toward the inside wall, which again matches the bellmouth
contour. The 0° yaw angles measured near the tunnel centerline (175 in. from the inside tunnel wall) indicate a
symmetric flow pattern around the tunnel centerline. In both surveys, the effects of the splitter wall (disturbances
between 40 and 100 in. from the inside wall) can be seen.

Hot-wire data are presented in figures 76 through 80. The mean axial velocity data from the hot-wire instrumen-
tation (fig. 76) very closely match the data sets from the pitot-static probes and the wind anemometers in terms of
magnitude and distribution. The mean horizontal (crossflow) velocity (fig. 77) and the yaw flow angle (fig. 78) show
the influence of the bellmouth contours on the incoming airflow as the air is turned toward the center of the tunnel.
The yaw flow angle data match the wind anemometer data in terms of magnitude and trend for all test points. Axial
turbulence intensity levels (fig. 79) along traverse 1 (upper survey) vary between 2 and 10 percent, whereas along
traverse 2 (lower survey), the variation is between 4 and 12 percent. Neglecting the data near the tunnel walls, the
average axial turbulence value from the upper traverse is about 4 to 5 percent; along the lower traverse, the average
is between 6 and 7 percent. Similar values were recorded for horizontal turbulence levels (fig. 80).

Flow Visualization

Station 1: Downstream of the fan.— A portable smoke wand system was used to briefly study the characteris-
tics of the flow immediately downstream of the IRT fan. Observations were made with the fan rotating at 50, 100,
and 187 rpm (187 rpm corresponds to a test section speed of 150 mph). Flow visualization studies were carried out
only at low test sections speeds (150 mph and below) because safety regulations do not allow personnel to be present
in the IRT tunnel-loop sections (i.e., settling chamber section, heat exchanger section, and fan section) at high test
section speeds. In general, the same results were observed at all three fan speeds. In the area between the down-
stream half of the fan motor housing and the outer wall, reversed and separated flow was observed along the outer
wall and along the fan motor housing. This reversed flow subsided at elevations closer to the floor. Further down-
stream along the outer wall and near the outer wall vent tower doors, more reversed flow was noted.

Between the fan motor housing and the inner wall, the flow was relatively smooth and appeared to be attached
along the fan motor housing and along the inner wall. Generally, flow swirl induced by the fan rotation could be seen
at all locations. Such flow phenomena in and around the fan motor housing have been noted in previous flow visuali-
zation studies (ref. 1) and generally result from the blockage introduced by the solid fan motor housing supports. As
the flow exits the fan, it tends to swirl clockwise (from a downstream viewpoint, the fan spins in a clockwise direc-
tion; see fig. 11). With the solid support legs hindering the swirl, flow is drawn from the outer wall side and
accumulates on the inner wall side. The drawn flow is more susceptible to separation and reversal, whereas the
accumulated flow is more likely to remain attached and be more directionally uniform.

Station 5: Upstream of the spraybars.—The smoke wand system was also used to inject flow visualization
smoke into the settling chamber. The smoke was injected immediately downstream of the spraybar plane, at three
spanwise locations and at five vertical locations. The spanwise locations were about 2 ft from the inner wall, 2 ft
from the centerline, and 2 ft from the outer wall. The five vertical locations corresponded to the vertical locations
of the five spraybars closest to the settling chamber floor (vertical heights of 6, 8, 10, 12, and 14 ft, respectively).
Smoke trails were observed from three locations: the settling chamber at the point of smoke injection, which gives an
eye-level view from the settling chamber; the windows of the main IRT control room, which give a view of the inner
test section wall; and the windows of the auxiliary IRT control room, which give a view of the outer test section wall.

The smoke trails were videotaped from the settling chamber. Observers in the control rooms located the smoke
trails in the test section by using 1-ft graduation marks on the test section walls. Table 3 summarizes the observations
made during the flow visualization tests. These observations should be used only for qualitative purposes and should
not be used in any quantitative manner. As a rule, the smoke streams diffused rather quickly after leaving the tip of
the smoke wand because of the turbulence of the flow in the settling chamber. In addition, the smoke streams
appeared to be unsteady as they moved through the test section. When the smoke was injected at the 14-ft vertical
location (centerline spanwise location), the resulting smoke trail appeared to pass through the test section centerline.
When the smoke was injected near the inner wall, the smoke trails tended to be on the test section centerline. Smoke
injected on the centerline and at the lower vertical heights tended to move toward the outer test section wall.
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Follow-On Tests

As a result of the initial series of tunnel-loop flow quality surveys described in this report, several follow-on
tests were identified. These tests included the heat exchanger exit guide vane studies mentioned previously and
described in appendix D. Two other tests were also conducted: detailed tempurature surveys at the heat exchanger
inlet (app. E) and flow quality surveys directly downstream of the fan (app. F). Each of these tests addressed specific
questions conceming the tunnel flow quality, and the results of the tests were used in the design of facility
improvements.

SUMMARY OF RESULTS

The purpose of these studies was to characterize the flow quality throughout the tunnel loop of NASA Glenn
Research Center’s Icing Research Tunnel. The data reported herein will be used to determine areas in the facility
where modifications can be made to improve flow quality and efficiency. These data could also be used to provide
boundary or starting conditions for computer simulations of the flow field in the actual facility. Results of these
studies follow.

Station 1-——Downstream of the Fan

Smoke flow visualization around the drive motor housing (station 1) indicated the presence of a reversed flow
area along the outside wall of the tunnel adjacent to the housing.

Station 2—Downstream of the Drive Motor Housing

1. A velocity gradient was found along the vertical surveys downstream of the drive motor housing (station 2),
with the higher velocities being near the tunnel floor. The gradient was more severe along the survey made near the
inside tunnel wall. Horizontal surveys indicated that there were much higher velocities along the inside portion of the
tunnel. Overall, the highest velocities recorded at station 2 were in the lower inside quadrant, and the lowest veloc-
ities were in the upper outside quadrant.

2. There were no significant temperature variations recorded at station 2 over the test range.

3. Flow angle measurements at station 2 were consistent with the expected swirl due to rotation of the fan.

4. Axial turbulence intensity at station 2 varied between 10 and 30 percent, with the higher values being
recorded near the ceiling and the outside tunnel wall.

Station 3—Upstream of the Heat Exchanger

1. A velocity (total pressure) gradient was measured along the vertical surveys at the heat exchanger inlet, with
larger velocities near the tunnel floor (at Vzs = 350 mph, the velocity near the floor was approximately twice that at
the tunnel ceiling).

2. No significant temperature variations were recorded at the heat exchanger inlet.

3. Pitch flow angle data indicated upflow over most of the survey.

4. Axial turbulence intensity levels at the heat exchanger inlet varied between 10 and 18 percent.

Station 4—At the Heat Exchanger Exit

1. The folded configuration of the heat exchanger and the aerodynamic fairings at the corners of the folds caused
large disturbances in the flow field downstream of the heat exchanger. The heat exchanger adversely affected the
total pressure and velocity distributions at this station by causing a large deficit region near the tunnel centerline and
two smaller disturbances at about one-quarter and three-quarters of the tunnel height (these three flow disturbances
were caused by the fairings at the corners of the heat exchanger folds).
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2. There was a significant total temperature gradient along the vertical surveys downstream of the heat
exchanger at Vg = 350 mph (10 to 15 °R). The gradient decreased with decreasing velocity.

3. The flow direction (pitch flow angle) was directly affected by the folded configuration of the heat exchanger.
The exit guide vanes on the downstream surfaces of the heat exchanger sections overturned the flow such that the
flow followed the angle of the heat exchanger sections.

Station 5—Upstream of the Spraybars

1. The effect of the heat exchanger on the flow field (total pressure and velocity profiles) was still apparent in
the vertical surveys between the D corner turning vanes and the spraybars. The large centerline deficit region was
still very apparent, although the two smaller disturbances had dissipated to some extent. Horizontal surveys showed a
low-speed region near the inside wall caused by the inner cooler and a disturbance caused by the splitter wall; there
was also a velocity gradient region along the outside portion of the horizontal surveys.

2. The temperature variations recorded downstream of the heat exchanger continued to be apparent at station 5.

3. Axial turbulence intensity levels at station 5 varied between 3 and 12 percent.

Station 6—Downstream of the Spraybars

1. Velocity trends were similar to those seen along the horizontal surveys at station 5 (effect of the splitter wall
near the inside wall and the gradient over the outside portion of the survey).

2. There was a 10 °R gradient across the tunnel at Vs = 350 mph (higher temperatures were recorded near the
outside tunnel wall). The magnitude of the gradient decreased with decreasing velocity.

3. The flow direction at this station was heavﬂy influenced by the bellmouth contours, as demonstrated in both
the pitch and yaw flow angle distributions.

4. Axial turbulence intensity at station 6 was between 2 and 12 percent.

CONCLUDING REMARKS

Flow quality in several key areas of the Icmg Research Tunnel has been more fully documented in terms of local
airspeeds, flow angles, turbulence intensities, and air temperatures. Additional insight has been provided to explain
causes of poor flow quality in certain areas of the tunnel. Data are now aveulable to serve as a basis for the desxgn of
flow quality improvements and a new facility heat exchanger.
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APPENDIX A

SYMBOLS

a speed of sound, ft/sec
M Mach number
N number of data points
P pressure, psia
Pitch  vertical flow angle, positive toward ceiling, deg
P, total pressure, psia
Pors test section total pressure, psia
P, static pressure, psia
Pirs test section static pressure, psia
gas constant, 1716 Ib-ft/(slug-°R)
temperature, °F or °R
total temperature, °R
static temperature, °R
turbulence intensity in mean flow direction
velocity component in mean flow direction

average velocity in mean flow direction

R

T

T,

T,

11,

u

w

\% velocity, ft/sec or mph
Vs test section velocity, mph

Yaw  horizontal flow angle, positive toward outer wall, deg
Z vertical distance from reference surface, in.

Y ratio of specific heats (constant = 1.4)

AP

differential pressure (P, — P), psid

Subscripts

A comer A in the IRT
avg average

B comer B in the IRT
C comner C in the IRT
D comer D in the IRT

crawl  crawl space below the tunnel floor
outside outside weather conditions
PS1 traverse pitot-static probe 1

PS2 cable traverse pitot-static probe 2
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T total or stagnation conditions
traverse measurements made by probes on the cable traverse
TS test section

WA cable traverse wind anemometer
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APPENDIX B

DATA READING LIST FOR 1995 ICING RESEARCH TUNNEL LOOP FLOW QUALITY STUDIES

Table 4 lists the reading numbers collected during the flow quality surveys for each configuration tested.
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APPENDIX C
TABULAR LISTING OF FLOW-FIELD SURVEY DATA
Tables 5 through 36 list the data collected during surveys in the tunnel loop at test section velocities of 250 and
350 mph. Each table contains data from one traverse for one survey station and test configuration. The test section

conditions corresponding to the first reading of each survey are also listed on each table. In addition, each table lists
the position of the flow-sensing probe from the tunnel reference surface and the measured flow-field parameters.
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APPENDIX D
HEAT EXCHANGER EXIT GUIDE VANE STUDIES

Additional measurements were made to quantify the effects of the heat exchanger exit guide vanes on the flow
quality downstream of the heat exchanger (station 4). The vane angles of the existing exit guide vanes cannot easily
be adjusted with respect to the heat exchanger surface. In order to study the effects of the vane angle on the flow
quality, replacement panels of adjustable exit guide vanes were built and installed on the heat exchanger. Because
of limited resources, only four panels were constructed. These panels were mounted on the downstream face of the
second heat exchanger element such that the portion of that element with the replacement panels was in line with
traverse 2 (inside position). In addition to the baseline configuration (described in the text), three other exit guide
vane configurations were studied:

Configuration |—No exit guide vanes (baseline panels removed; no mechanism to turn the flow).

Configuration 2—Replacement panels installed with exit guide vanes stowed (maximum turning of the flow;
flow expected to follow contour of the heat exchanger); guide vane exit angle of 0° (parallel to heat exchanger
surface).

Configuration 3—Replacement panels installed with exit guide vanes deployed (minimum turning of the flow;
flow expected to be more evenly distributed downstream of the heat exchanger); guide vane exit angle of 11° with
respect to heat exchanger surface.

Because only a small number of the heat exchanger exit guide vanes were changed, the effects on the flow
quality were expected to be localized to just downstream of the new panels; therefore, the length of the surveys was
reduced so as to cover only the affected areas. Total and static pressure, velocity from both pitot-static probes and
wind anemometers, total temperature, and pitch and yaw flow angle data are included for each configuration (figs. 81
through 87 for configuration 1; figs. 88 through 94 for configuration 2; and figs. 95 through 101 for configuration 3).
A summary comparing the data from each configuration to baseline data is given in this appendix.

Configuration 1—No Exit Guide Vanes

Removal of the exit guide vane panels produced a larger than baseline total pressure deficit (both in the magni-
tude of the deficit and in the size of the affected area; see fig. 81) near the center of the survey directly downstream
of the area where the vanes were removed (traverse position 2). There was little difference between the baseline and
configuration 1 data at traverse position 1. The effect was more noticeable at the higher velocity conditions. At the
Vrs = 350 mph setting, the total pressure deficit at the tunnel center was about 0.025-psia lower than the peak at
240 in. above the tunnel floor (in comparison to a deficit of about 0.014-psia for the baseline configuration). Static
pressure data (fig. 82) show a good deal of scatter for configuration 1, but the distributions indicate increased varia-
tion in the static pressure profiles in comparison to the baseline. Velocity data from both the pitot-static probes
(fig. 83) and wind anemometers (fig. 84) show a very poor velocity distribution directly downstream of the area
where the exit guide vanes were removed (traverse 2). There was a very large velocity deficit in this region (between
70 and 160 in. above the tunnel floor). The data from traverse 1 indicate that the flow from this deficit region was
displaced toward the outside wall of the tunnel. Comparison of the baseline and configuration 1 data along traverse 1
shows that the configuration 1 data are much more uniform (the deficit recorded at the baseline was filled in by the
displaced flow during the configuration 1 surveys). This trend was recorded at all test conditions by both the pitot-
static and wind anemometer instrumentation. These data illustrate not only that the exit guide vanes are required for
good flow quality (witness the poor flow quality along traverse 2), but also that the baseline configuration does not
provide the optimum velocity distribution (note the improved distribution along traverse 1 for configuration 1, in
comparison to the baseline data).

Removing the exit guide vanes actually had a positive effect on the temperature distribution along traverse 2
while degrading the profile along traverse | at the Vrs = 350 mph setting (fig. 85). There is little difference between
the baseline and configuration 1 data sets at the other test conditions. Figure 86 shows that much higher pitch flow
angles were recorded directly downstream of the area where the exit guide vanes were removed. At traverse position
2, the data indicate large positive angles (upflow), as expected, since there was no mechanism in place to turn the
flow in this area. The traverse 1 data indicate little difference in the flow along the portion of the survey below the
tunnel centerline; above the tunnel centerline, the pitch angles were smaller than at baseline. With configuration I,
there was a yaw angle gradient over the area directly downstream of where the exit guide vanes were removed
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(fig. 87). The yaw flow angle changed direction, from positive (outflow) at about 80 in. above the tunnel floor to
negative (inflow) at about the tunnel centerline. Above the tunnel centerline, the data from traverse 2 are similar to
the baseline data. Traverse 1 data are similar to the baseline data except at locations near the tunnel centerline, where
the positive yaw angles recorded at the baseline are no longer evident.

Configuration 2—New Exit Guide Vanes With Vanes Stowed

The replacement exit guide vanes with vanes in the stowed position produced nearly identical flow-field distri-
butions as those from the baseline heat exchanger surveys for each flow-field parameter (total and static pressure,
velocity, total temperature, and pitch and yaw flow angles; see figs. 88 through 94). There was an increased amount
of scatter in the total pressure data at Vrg = 250 mph and lower settings for configuration 2. The pltot-stanc velocity
results were also affected (the cause of the data scatter is not known).

Configuratlon 3: New Exnt Gu1de Vanes Wlth Vanes Deployed

Flow-field data collected downstream of the heat exchanger with the repIacement exit guxde vanes installed and
in the deployed (fully extended or open position) are presented in figures 95 through 101. Although the total pressure
data (fig. 95) indicate an improvement in the flow quality downstream of the heat exchanger with the new exit guide
vanes deployed, the effect on the flow field is more readily apparent in the velocity data (ﬁgs 97 and 98). Even
though there was still a deficit area at the tunnel centerline along the fraverse 2 survey, the size of the deficit area was
greatly reduced by deployment of the new exit guide vanes. At Vs = 350 mph, the baseline data indicated a mini--
mum velocity of 23 ft/sec at the tunnel centerline along traverse 2, the height of the affected area being approxi-
mately 60 in. (fig. 45); with the new exit guide vanes, the minimum velocity increased to about 31 f/sec and the
height of the deficit area decreased to 20 in. (similar results were seen at the lower velocity conditions). The pitot-
static probes also recorded a slight positive effect on the velocity distributions along the traverse 1 surveys (fig. 97),
but the wind anemometer data did not vary significantly from the baseline data (figs. 98 and 46, respectively). The
effect on the total temperature distribution appeared to be negligible for all except the Vg = 350 mph case, where
there was a slight improvement in the temperature distribution along traverse 2 (there was no apparent effect on
traverse 1 data). The pitch flow angle data along traverse 2 (fig. 100) show that in the region directly downstream of
the new exit guide vane panels, the pitch angle became more constant and the flow direction changed from generally
downflow to upflow, in comparison to the baseline data (fig. 48 shows the pitch flow angle distribution starting as
positive at 200 in. above the tunnel floor and decreasing to a negative value through about 80 in. above the floor; the
configuration 3 data shows that over this same survey distance, the pitch angle remained roughly constant). The new
exit guide vanes had no effect on the yaw flow angle distribution (fig. 101).

NASA/TM—2000-107479 20
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APPENDIX E

ICING RESEARCH TUNNEL HEAT EXCHANGER INLET TEMPERATURE SURVEYS—
JANUARY 19, 1996

Introduction

On January 19, 1996, a 1-day test program was executed in the NASA Glenn Icing Research Tunnel (IRT). A
vertical cable traverse immediately upstream of the facility heat exchanger was used to monitor the facility tempera-
tures and the crawl space temperatures below corners C and D. These data were used to better understand the heat
loading on the heat exchanger and the overall thermodynamics of the facility.

Test Setup

A single vertical cable traverse was installed for this test. This traverse was strung between the tunnel ceiling
and floor, about 24 in. upstream of the heat exchanger inlet fairings and 148.5 in. from the outside wall. (The heat
exchanger leg is 350-in. wide by 314-in. high.) Installed on the cable traverse carriage were a wind anemometer for
measuring airspeed, pitch angle, and yaw angle, and two type-T, aspirated total-temperature probes for measuring
total temperature. In the crawl space below corners C and D (the space between the floor and the ground), type-T
thermocouple probes were installed.

Test Matrix

Table 37 gives the test matrix for this [-day program.

Results

Figures 102, 103, and 104 graphically show the important results. Figure 102 shows data versus time for the
duration of the test. Figure 102(a) shows the test section velocity and cable traverse vertical position. Figure 102(b)
shows the air velocity, pitch flow angle, and yaw flow angle as measured by the wind anemometer on the cable
traverse. Figure 102(c) shows all pertinent temperatures: the outside air temperature, the temperature measured by
the thermocouple probes on the cable traverse, the temperatures in the crawl spaces beneath corners C and D, and the
average air temperatures in corners A, B, C, and D.

If the data in figure 102(c) are closely examined for a test section airspeed of 250 mph, the following data trends
can be observed: (1) crawl space C is warmer than crawl space D, and (2) comner C is warmest followed by the trav-
erse, corner D, comer B, and corner A, respectively. The temperatures in comers D, B, and A are within about 3 °F.
These results make intuitive sense because crawl space C should be warmer than crawl space D since C is upstream
of the heat exchanger and D is downstream. There is also a significant temperature drop (close to 5 °F) between
corners C and D due to the cooling of the heat exchanger. The temperatures measured at the traverse are between
those measured in corners C and D.

If the data in figure 102(c) are examined for a test section airspeed of 350 mph, the following data trends can
be observed: (1) crawl space D is warmer than crawl] space C (this is counterintuitive), and corner C is the warmest
followed by the traverse, corner B, corner A, and corner D, respectively. Corner D is, of course, the coldest since it
is directly downstream of the heat exchanger. The temperatures in corners A and B are close to each other. The
traverse temperature approaches the temperature in corner C.

Figures 103 and 104 show the air velocity, flow angle, and air temperature versus distance from the floor as
measured by the wind anemometer and thermocouple probes on the cable traverse. Figure 103 is for a test section
velocity of 250 mph and a tunnel total temperature of 15 °F. Figure 104 is for a test section velocity of 350 mph
and a tunnel total temperature of —17 °F. The air velocity profiles and magnitudes are consistent with previous
measurements. Higher air velocities are present near the floor. The flow angles are also consistent with data taken
previously. Pitch angles are generally toward the ceiling by 5° to 10° and yaw angles are generally toward the outer
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wall by 0° to 5°. The temperature profiles exhibit a temperature gradient with warmer temperatures near the floor.
This is counterintuitive because cooler, more dense, air would have a tendency to collect near the floor. In
figure 103(c), the gradient range is about 2 °F. In figure 104(c), the gradient range is about 4 °F.

Measurement Uncertainties

During this test, some electronic noise present in the frequency-to-direct-current converter used to measure the
wind anemometer airspeed introduced some uncertainty in the measured airspeed. The uncertainty in these measure-
ments was estimated to be 32 ft/sec.

In addition, temperature bath calibrations were carried out on the thermocouple probes used on the traverse and
in the crawl spaces. Temperature measurements made with these probes were estimated to have an uncertainty of
10.5 °F.

H
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APPENDIX F

ICING RESEARCH TUNNEL FAN EXIT FLOW QUALITY SURVEYS—AUGUST 23, 1996

Introduction

On August 23, 1996, a 1-day test program was executed in the NASA Glenn Icing Research Tunnel (IRT). Flow
quality data (total pressures, static pressures, total temperatures, airspeeds, pitch angles, and yaw angles) were
collected immediately downstream of the IRT fan. These data were needed to aid in the design of fan outlet guide
vanes.

Test Setup

A single vertical cable traverse was installed for this test about 50-in. downstream of the fan blade leading
edges. This traverse was strung between the tunnel ceiling and fan motor nacelle at the 12 o’clock position (with
respect to the fan) as depicted in figure 105. The vertical distance between the nacelle housing and tunnel ceiling
where the traverse was installed was 94.25 in. Structural channels were used to reinforce the cable traverse system
and to guide the traverse carriage vertically under the air loads. As shown in figure 105, the traverse was rotated
“into the wind” or “in the yaw plane™ by 30° to compensate for the fan swirl. The traverse carriage was instrumented
with two pitot-static probes, a type “K” thermocouple total temperature probe, and a wind anemometer that could
resolve airspeed, pitch angle, and yaw angle. On the traverse carriage, the two pitot-static probes were vertically
spaced 11.0 in. apart. The wind anemometer was located 5.5 in. above the pitot-static probe closest to the fan motor
nacelle. The vertical position of the temperature probe exactly coincided with the pitot-static probe closest to the fan
motor nacelle.

The total pressures from the pitot-static probes were measured by 25-psia absolute pressure transducers. The
pressure differences between the total and static pressure ports on the pitot-static probes were measured by
differential pressure transducers that had 1.0 in. of water range.

In the test section, a flat plate blockage model was used to vary the test section blockage. During this test, the
blockage model was installed at a 55° angle of attack or was not used at all. A 90° angle of attack would have
corresponded to maximum model blockage.

Test Matrix

Table 38 gives the test matrix for this 1-day test program.

Results

Figure 106 shows measured and computed variables versus time. Figure 106(a) shows the traverse position and
the test section velocity for all data acquired. This plot is useful in determining what the test section velocity and
traverse position were at any given instant in time during the test. Figure 106(b) shows computed velocities from the
wind anemometer and the two pitot-static probes. From Figure 106(b), it is apparent that the wind anemometer and
the pitot-static probes worked properly for the first 2.4 hr of the test. Beyond this, the data are questionable. During
this test, we noticed that the airspeed sensor failed on the wind anemometer and that the delta-pressure transducers
were overranged. Figure 106(c) shows temperatures measured near the traverse, in corner D, and outside. Over the
course of the test, the outside air temperature varied between 72 and 84 °F. The traverse and corner D temperatures
correlated well and ranged between 59 and 80 °F. The traverse temperature was always higher than the average cor-
ner D temperature. The peaks and valleys for the two temperatures were identical. Figure 106(d) shows pitch and
yaw flow angles from the wind anemometer. The yaw angles at about 5 hr into the test appear to be questionable
since they are around 90°. Figure 106(e) shows the total pressures measured by the two traverse pitot-static probes
and the total pressure measured in the test section. The pressures matched at zero flow (at times of 0.0, 1.45,4.1, and
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5.85 hr). Generally speaking, the total pressure downstream of the fan increased with increasing airspeed near the fan
blade midspan and tip. Near the root, the total pressure decreased with increasing airspeed. Some of these results are
clearer in subsequent figures.

Figure 107(a) shows the wind anemometer air velocity versus test section airspeed for three different elevations
(Z=123.8,47.6, and 73.0 in.) and for two different blockages (no blockage plate and a blockage plate at 55°). Air-
speeds as high as 55 and 75 ft/sec were measured for test section speeds of 300 mph. The flat velocity lines indicate
that the airspeed sensor on the wind anemometer was not functioning.

Figures 107(b) and (c) show the air velocities computed using the pressures from the two traverse pitot-static
probes. Much of the data are near zero and are unusable. This may have resulted from the delta-pressure transducers
being overranged. There are a couple of data lines that vary between 30 and 70 ft/sec. These data lines follow the
lines seen in figure 107(a).

Figures 108(a) and (b) show the pitch and corrected yaw wind anemometer flow angles, respectively. The pitch
angles generally varied between 15° and —10°; however, the pitch angles near the blade roots (Z = 23.8 in.) varied
between —15° and -50°. The yaw angles generally varied between 10° and —40°. Two yaw data lines varied between
—70° and -95°. However, these data lines are questionable since they are so close to —90°.

Figures 109(a) and (b) show the total pressure recoveries for the two traverse pitot-static probes normalized with
respect to the test section total pressure. The data from pitot-static probe 1 (fig. 109(a)) is better behaved and may
be of better quality than the data from pitot-static probe 2 (fig. 109(b)). The data generally show increasing total
pressure with increasing test section airspeed near the blade tips (Z = 67.5 in.), constant total pressure near the blade
midspan (Z=42.1 in.), and decreasing total pressure with increasing test section airspeed near the blade roots
(Z=18.3 in.). Figure 109(c) shows the total temperature measured by the traverse normalized with respect to the
average corner D temperature. The data generally indicate warmer temperatures (by as much as 8 °F) with increasing
test section airspeed. : :

Measurement Uncertainties
The measurement uncertainties for the data presented in this appendix are estimated to be +3.0 ft/sec for the
wind anemometer airspeed, 32.0° for the wind anemometer pitch and yaw flow angles, 0.03 psia for the total

pressure and 20.00005 psid for the delta-pressure (based on accuracy data from the manufacturer), and 1.0 °F for
the temperature. s
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TABLE 1.— TEST MATRIX FOR THE 1995 TUNNEL-LOOP FLOW QUALITY STUDIES IN THE NASA
GLENN ICING RESEARCH TUNNEL
[For each test configuration, surveys were conducted corresponding to test section velocity settings Fryof 350,
250, 150, and 50 mph]

Type of survey Priority Run Comment
number
At station I—downstream of the fan \
Flow visualization ] 4 | o] Baseline
At station 2—downstream of the drive motor
Vertical at 1/3 and 2/3 tunnel width 2a 14 Baseline
Horizonial at 1/3 and 2/3 tunnel height 2a 15 Baseline
Al station 3—upstream of the heat exchanger :
Vertical at 1/2 and 3/4 tunne] width | ic | 12 ] Baseline i
At station 4 downstream of the heat exchanger
Vertical at 1/2 and 3/4 tunnel width 1b 34,6 Baseline heat exchanger
Vertical at 1/2 and 3/4 tunnel width b 4 Exit guide vanes removed
Vertical at 1/2 and 3/4 tunnel width b 4 Replacement guide vanes (stowed)
Vertical at 1/2 and 3/4 tunnel width ib 5 Replacement guide vanes (deployed) ]
At station S—upstream of the spraybars :
Vertical at 1/4 and 1,2 tunnel width la 8 Baseline ;
Vertical at 1/2 and 3/4 tunnel width la 9 Baseline
Horizontal surveys at 1/4 and 1/2 tunnel height la 10 Baseline
Horizontal at 1/2 and 3/4 wnnel height la it Baseline
Flow visualization 4 17 Baseline
At station 6 —downstream of the spraybars
Horizontal at 1/3 and 2/3 tunnel height | 3 1 17 | Baseline

TABLE 2.—TYPICAL TEST SECTION CONDITIONS FOR THE TUNNEL-LOOP FLOW
QUALITY STUDIES
[Conditions were from run 3 (2/13/1995)—empty test section and no icing/spray conditions.]

Flow parameter
Nominal test Static Mach Total Actual test Total Fan
section velocity, pressure, number, pressure, section temperature, | speed, :
Vrs, P, M P, velocity, ¥rs, 7., mm
mph psia psia mph (ft/sec) °R 3
350 12.315 0.480 14.418 350.6 (514.2) 499 393
250 13.321 339 14.424 250.6 (367.5) 500 291 i
150 14.021 203 14.430 150.7(221.0) 497 180 -
50 14.425 068 14.472 51.0 (74.8) 503 65
i
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TABLE 3.—SUMMARY OF OBSERVATIONS DURING SMOKE FLOW VISUALIZATIONS IN SETTLING

CHAMBER .
Vertical distance Test Vertical Comments
of smoke injection section distance of
site from settling velocity, smoke from
chamber floor, Vrs, floor in test
ft mph section,
ft
Smoke injected spanwise near inner wall o
6 200 2.0 Smoke steady in belimouth
8 200 25 Smoke steady in belimouth
8 150 2.0+0.5 Smoke steady in bellmouth and unsteady in test section
10 150 3.0 Smoke steady in bellmouth
12 150 4.0+0.5 Smoke steady in bellmouth
14 150 45405 Smoke steady in bellmouth
Smoke injected spanwise near centerline
6 150 1.0+1.0 Spanwise location of smoke was closer to outer wall
8 150 20+1.0 Spanwise location of smoke was closer to outer wall
10 150 2.8+0.5 Spanwise location of smoke was closer to outer wall
12 150 315+1.0 Spanwise location of smoke was near centerline
14 150 3‘811.0 Spanwise location of smoke was near centerline
Smoke injected spanwise near outer wall
6 150 1.0£1.0 Smoke followed bellmouth contour smoothly
8 150 2.040.5 Some smoke unsteadiness in bellmouth
10 150 25+10 Smoke unsteady in test section
12 150 3.0£1.0 Smoke unsteadiness reduced
14 150 4'0:]'0 Smoke unsteadiness reduced

TABLE 4—SUMMARY OF DATA’ RECORDED DURING EACH RUN DAY FOR EACH TEST

CONFIGURATION .
Run day Station Reading numbers for various test section velocities,
VTS
50 mph 150 mph 250 mph 350 mph
34 4 210 to 260 156 to 206 105 to 127; 129 to 155 54 to 104
4 4 348 t0 376 319to 347 29010 318 261 to 289
5 4 465 to 493 436 to 464 407 to 435 378 to 406
5,6 4 583 to 611 554 to 582 52510553 494 to 523
6 4 681 to 700 661 to 680 641 to 660 612 to 640
8 5 860 to 908 811 to 859 761 t0 810 711 to 760
S 1168 to 1219 1109to 1159 1050 to 1100 991 to 1041
5 1425 to 1469 1373 to 1416 131710 1364 1265 to 1308
B 1588 to 1622 1552 to 1587 151610 1551 1480 to 1515
12 3 1785 to 1836 1732 t0 1784 167910 1731 1626 to 1678
14 2 2023 to 2065 1979 to 2022 193410 1978 1883 to 1933
5 2 2244 10 2293 2195 to 2243 2148102194 2098 to 2147
17 6 2432 t0 2472 2391 to 2431 2350 to 2390 2308 to 2349

*Data are stored in data base as part of IRT ESCORT program D033.
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TABLE 37.—TEST MATRIX

Test section | Tunnel total Temperature Traverse | Traverse position
air speed, | temperature, condition above floor,

Frs, Toaw Z,
mph °F in.

350 48 Warm No 79

350 I5 Qutside air matched No 79

300 5 Outside air matched No 79

250 14 Outside air matched No 79

200 15 Outside air matched No 79

350 -17 Cold No 79

250 14 Outside air matched Yes Oto314
350 -17 Cold Yes Oto3i4

TABLE 38._TEST MATRIX

Traverse position, | Test section air speed, Test section Total temperature,
Z, Vrs, blockage Toag
__in. mph oF
18.25 100, 150, 200, 250, 300 | Blockage plate at 55°; no blockage plate 60 to 70
42.1 100, 150, 200, 250, 300 | Blockage plate at 55°; no blockage plate 60 to 70
67.5 100, 150, 200, 250, 300” Blockage plate at 55°; no blockage plate 60 to 70
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@ Two horizontal and two vertical surveys
@ Two vertical surveys
I @  Two vertical surveys
® (®  Three horizontal and three vertical surveys
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Figure 1.—Plan view of Icing Researcﬁ Tunnél, shop, and control room showing tunnel loop survey planes.
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Figure 2.—Elevation view of cooler in IRT.

Figure 3.—~Typical wind anemometer used on traversing plates during IRT flow
quality studies.
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Figure 4.—Setup (at station 6, downstream of rspraybars’) Showihg fypicéi flow field survéy iﬁsialléfioh with
traversing plates.
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C-95-720

Figure 5.—Instrumentation configuration on traversing plates during tunnel-loop flow quality
surveys. (a) Configuration 1, used at stations 4 and 5 for runs 1 to 10 (actual installation

at station 5—horizontal, view from floor). (b) Configuration 2, used at stations 2, 3, 5, and
6 (actual installation at station 2—uvertical, view from outside tunnel wall).
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Figure 6.—Total pressure ratio distributions along vertical surveys downstream of drive motor housing
(station 2). (a) V15 = 350 mph. (b) Vs = 250 mph.
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Figure 7.—Static pressure ratio distributions a]ong vertlcal surveys downstream of drive motor housing
(station 2). (a) Vg = 350 mph (b) Vrg=250mph. ~ 7T
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Figure 8.—Velocity distribution measured by pitot-static probes along vertical surveys downstream of drive
motor housing (station 2). (a) Vrg = 350 mph. (b) Vrg = 250 mph.
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Figure 9.—Velocity distribution measured by wind anemometers along vertical surveys downstream of drive
motor housing (station 2). (a) Vrg = 350 mph. (b) Vg = 250 mph.
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Figure 10.—Total temperature ratio distribution along vertical surveys downstream of drive motor housing
(station 2). (a) Vg = 350 mph. (b) Vrg = 250 mph.

NASA/TM—2000-107479 98



Figure 11.—IRT fan exit as viewed from corner C of tunnel (i.e., looking upstream, see fig. 1). Direction
of fan rotation and components of swirl are indicated. Traverse 1 position was to the right (inside wall)
and traverse 2 to the left. Pitch angle is defined as positive for upflow; positive yaw angle is from inside
wall toward outside wall.
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Figure 12.—Pitch flow angle distribution (positive indicates upflow; negative indicates downflow) along
vertical surveys downstream of drive motor housing (station 2). (a) V7g = 350 mph. (b) Vrg = 250 mph.
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Figure 13.—Yaw flow angle distribution (positive = flow from inside wall to outside wall (outflow); negative
= flow from outside to inside wall (inflow)) along vertical surveys downstream of drive motor housing
{station 2). (a) Vg = 350 mph. (b) V15 = 250 mph.

NASA/TM—2000-107479 100



Test section

300 — velocity,
VTS’ mph
50
£
§ 200
5
E
4
3]
£
8
7]
2
_5 100
5
>
0
300 [
Test section
. velocity,
£ Vrg Mph
8 200 0 50
E
g o 150
@
E A 250
72}
o o] 350
E 100
5
>
o L® 1 1 z ! ! 1 |
0 10 20 30 40 50 60 70

Mean axial velocity, ft/sec

Figure 14.—Mean axial velocity distributions along vertical surveys downstream of drive motor housing
(station 2) as measured by hot-wire anemometers. {a) Traverse 1 (9.46 ft from inside wall). (b) Traverse 2
(19.52 ft from inside wall).
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Figure 15.—Mean verticial velocity distributions along vertical surveys
downstream of drive motor housing (station 2) as measured by hot-wire

anemometers. (a) Traverse 1 (9.46 ft from inside wall). (b) Traverse 2
(19.52 ft from inside wall).
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Figure 16.—Pitch flow angle distribution along vertical surveys downstream of drive motor housing
(station 2). (a) Traverse 1 (9.46 ft from inside wall). (b) Traverse 2 (19.52 ft from inside wall).
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Figure 17.—Axial turbulence intensity distribution along vertical surveys downstream of
drive motor housing (station 2). (a) Traverse 1 (9.46 ft from inside wall). (b) Traverse 2
(19.52 ft from inside wall).
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Figure 18.—Vertical turbulence intensity distribution along vertical surveys downstream of drive motor
housing (station 2). (a) Traverse 1 (9.46 ft from inside wall). (b) Traverse 2 (19.52 ft from inside wall).
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Figure 19.—Total pressure ratio distribution along horizontal surveys downstream of drive motor housing
(station 2). (a) V15 = 350 mph. (b) Vg = 250 mph.
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Figure 20.—Stétic pressure ratio distribution along horizontal surveys downstream of drive motor housing
{station 2). (a) Vrs = 350 mph. (b} Vrs = 250 mph.
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Figure 21.—Velocity distribution measured by pitot-static probes along horizontal surveys downstream of
drive motor housing (station 2). (a) Vg = 350 mph. (b) V15 = 250 mph.
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Figure 22.—Velocity distribution measured by wind anemometers along horizontal surveys downstream of
drive motor housing (station 2). (a) Vg = 350 mph. (b) Vs = 250 mph.
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Figure 23.—Total temperature ratio distribution along horizontal surveys downstream of drive motor housing
(station 2). (a) Vrg = 350 mph. (b) Vs = 250 mph.
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Figure 24.—Pitch flow angle distribution (positive = upflow; negative = downflow) along horizontal surveys
downstream of drive motor housing (station 2). (a) Vg = 350 mph. (b) Vs = 250 mph.
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Figure 25.—Yaw flow angle distribution (positive = flow from inside wall to outside wall (outflow); negative = flow
from outside to inside wall (inflow)) along horizontal surveys downstream of drive motor housing (station 2).
(a) Vg = 350 mph. (b) Vs = 250 mph.
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Figure 26.—Mean axial velocity distributions along horizontal surveys downstream of drive motor
housing (station 2) as measured by hot-wire anemometers. (a) Traverse 1 (9.46 ft from inside wall).
(b) Traverse 2 (19.52 ft from inside wall).
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Figure 27.—Mean horizontal velocity distributions along horizontal surveys downstream of
drive motor housing (station 2) as measured by hot-wire anemometers. (a) Traverse 1
(9.46 ft from inside wall). {b) Traverse 2 (19.52 ft from inside wall).
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Figure 28.—Yaw flow angle distribution along horizontal surveys downstream of drive motor
housing (station 2) as measured by hot-wire anemometers (positive angle indicates flow from
inside wall to outside wall (outflow)). (a) Traverse 1 (17.5 ft above tunnel floor). (b) Traverse 2
(8.69 ft above tunnel floor). Positive angles indicate flow inside toward outside wall.
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Figure 30.—Horizontal turbulence intensity distribution along horizontal surveys
downstream of drive motor housing (station 2). (a) Traverse 1 (17.5 ft above floor).
(b) Traverse 2 (8.69 ft above floor).
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Figure 31.—Total pressure ratio distribution along vertical surveys uptream of facility heat exchanger
(station 3). (a) Vs = 350 mph. (b) Vrg = 250 mph.
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Figure 32.—Static pressure ratio distribution along vertical suwé§§ upsiféar?i of facility
heat exchanger (station 3). (a) Vrs = 350 mph. (b) Vrg = 250 mph.
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Figure 33.—Velocity distribution measured by pitot-static probes along vertical surveys uptream of facility
heat exchanger (station 3). (a) Vg = 350 mph. (b) Vrs = 250 mph.
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Figure 34.—Velocity distribution along vertical surveys upstream of facility heat exchanger (station 3)
as measured by wind anemometers. (a) Vrg = 350 mph. (b) Vrg = 250 mph.
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Figure 35.—Total temperature ratio distribution along vertical surveys upstream of facility heat exchanger

(station 3}. (a) V15 = 350 mph. (b) Vg = 250 mph.
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Figure 36.—Pitch flow angle distribution along vertical surveys upstream of facility heat exchanger (station 3)
as measured by wind anemometers. (These data are believed to have been affected by some undetected
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Figure 54.—Total temperature ratio distribution along vertical surveys upstream of spraybars (station 5).
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Figure 60.—Velocity distribution along horizontal surveys upstream of spraybars (station 5) as measured by
wind anemometers. (a) V7g = 350 mph. (b} Vrg = 250 mph.

Distance from

@ 25°R 2 floor, ft

¥ 1.002 ! +51.002 o 655

R ] j Ry ml O 13.06

g —@ T N 5 I i A 19.5§

% 1.000 T '*§1ooo—(j haf i
X -G i i o

E o (ST 5 SN 20 SRS AR T T & )

g | ‘e, | ) GLIYT Py | VDT

0.998 i P 0.998

g Tunnel 8 Yo

£ ceiling || -1 £ N

g (314in)H g

§ 0.906 & L | I 8 0.006

2 0 100 200 300 400 2 0 100 200 300 400
Distance from inner wall, in. Distance from inner wall, in.

Figure 61.—Total temperature ratio distribution along horizontal surveys upstream of spraybars (station 5) as
measured by wind anemometers. (a) Vrs = 350 mph. (b) V15 = 250 mph.

NASA/TM—2000-107479 131



Distance from

floor, ft
20 T T T 3 T 20 =
'g 4+ Tunnel N § ; O 6.55
'y LA Lo ceiling | & O 13.06 |
) ha @lain)— 1 B £ ® A 1956 |
® = : ol / ] - ! %Q@P Iy
z O @ &F ] ! z O ol %%
[o] SR T 0 1=
= 0ol . / o= | @} _
S - , S
E -20 1@ N ¥ E -20 (b
0 100 200 300 400 0 100 200 300 400

Distance from inner wall, in. Distance from inner wall, in.

Figuré 62.—Pitch flow angle distributions along horizontal surveys upstream of spraybars (station 5) as
measured by wind anemometers. Positive angles indicate upflow. (a}) Vrg = 350 mph. (b} Vs = 250 mph.

Distance from

floor, ft
O 6.55 -
g 20 Tunnel i g 20 O 13.06 1
T ceiling ° :
G A A — & A 19.56 N
-6) 4 (314 |n.) - | a ‘é 4
c 0 Al
S o EER i - ; § o B
Q ! [
= =
S 2
£ 0 @& £ £ 20 10
0 100 200 300 400 0 100 200 300 400
Distance from inner wall, in.

Distance from inner wall, in.
Figure 63.—Yaw flow angle distributions along horizontal surveys upstream of spraybars (station 5)
as measured by wind anemometers. Positive angles indicate flow toward outside tunnel wall.
(a) V15 = 350 mph. (b) Vg = 2560 mph. -

NASA/TM—2000-107479 132



400 —
Test section
velocity,
Vrg, mph
O 50
£ 200 g 150
§ a 250
) < 350
c
£
g
o 200
4]
8
2
T
s
[=4
<!
N
§ 100
e o
0 | J
50 60

Mean axial velocity, ft/sec

400 —
Test section
velocity,
Vrs, mph
o] 50
. 300 0O 150
'_E- A 250
g & 350
]
E
£ 200
Y
®
(4]
g
B
T
8
5 100
N
T
<]
I
0 1 _
50 60

Mean axial velocity, ft/sec
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Figure 70.—Static pressure ratio distribution along horizontal surveys downstream of spraybars (statlon 6).

(a) Vrs = 350 mph. (b) Vs = 250 mph.
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Figure 71.—Velocity distribution along horizontal surveys downstream of spraybars (station 6) as measured
by pitot-static probes. (a) Vg = 350 mph. (b) Vg = 2560 mph. (Note that the data provided by probe 1 on
traverse 1 are in error due to an error in the measurement of AP; all other data are correct.)
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Figure 72.—Velocity distribution along horizontal surveys downstream of spraybars {station 6) as measured
by wind anemometers. (a) Vrg = 350 mph. (b) Vg = 250 mph.
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Figure 73.—Total temperature ratio distribution along horizontal surveys downstream of spraybars (station 6).
(@) Vs = 350 mph. (b) Vrg = 250 mph.
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Figure 74.—Pitch flow angle distribution along hotizontal surveys downstream of spraybars (station 6).
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Figure 75.—Yaw flow angle distribution along horizontal surveys downstream of spraybars (station 6).

(a) Vrs = 350 mph. (b) Vg = 250 mph.
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Figure 76.—Mean axial velocity distributions along horizontal surveys downstream of spraybars
(station 6) as measured by hot-wire anemometers. (a) Traverse 1 (17.2 ft above tunnel fioor).
(b) Traverse 2 (8.72 ft above tunnel floor).
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floor). (b) Traverse 2 (8.72 ft above tunnel floor).
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Figure 81.—Total pressure ratio distribution along vertical surveys downstream of heat exchanger (station 4).
Traverse 2 was directly downstream of part of heat exchanger from which exit guide vanes had been
removed. (a) Vrg = 350 mph. (b) Vg = 250 mph.
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Figure 82.—Static pressure ratio distribution along vertical surveys downstream of heat exchanger (station 4).
Traverse 2 was directly downstream of part of heat exchanger from which exit guide vanes had been
removed. (a) Vrg = 350 mph. (b) Vs = 250 mph.
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Figure 83.—Velocity distribution along vertical surveys downstream of heat exchanger (station 4) as measured
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Figure 84.—Velocity distribution along vertical surveys downstream of heat exchanger (station 4) as measured
by wind anemometers. Traverse 2 was directly downstream of part of heat exchanger from which exit guide

vanes had been removed. (a) Vg = 350 mph. (b) Vrg = 250 mph.
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Figure 85.—Total temperature ratio along vertical surveys downstream of heat exchanger (station 4).
Traverse 2 was directly downstream of part of heat exchanger from which exit guide vanes had been

removed. (a) Vrs = 350 mph. (b) Vrs = 250 mph.
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Figure 86.—Pitch flow angle distribution along vertical surveys downstream of heat exchanger (station 4)
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Figure 87.—Yaw flow angle distribution along vertical surveys downstream of heat exchanger (station 4).
Traverse 2 was directly downstream of part of heat exchanger from which exit guide vanes had been
removed (positive angles indicate flow toward outside tunnel wall). (a) Vrg = 350 mph. (b) Vs = 250 mph.
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Figure 88.—Total pressure ratio distribution along vertical surveys downstream of heat exchanger (station 4).
Traverse 2 was directly downstream of heat exchanger element two, where exit guide vanes had been
installed but not deployed. (a) Vs = 350 mph. (b) Vs = 250 mph.
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Figure 89.—Static pressure ratio distribution along vertical surveys downstream of heat exchanger (station 4).
Traverse 2 was directly downstream of heat exchanger element two, where exit guide vanes had been
installed but not deployed. (a) Vs = 350 mph. (b) V15 = 250 mph.
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Figure 90.—Velocity distribution along vertical surveys downstream of heat exchanger (station 4) as
measured by pitot-static probes. Traverse 2 was directly downstream of heat exchanger element two,
where exit guide vanes had been installed but not deployed. (a) Vrg = 350 mph. (b) Vrg = 250 mph.
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Figure 91.—Velocity distribution along vertical surveys downstream of heat exchanger (station 4) as
measured by wind anemometers. Traverse 2 was directly downstream of heat exchanger element two,
where exit guide vanes had been installed but not deployed. (a) Vrs = 350 mph. (b) Vg = 250 mph.
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Figure 92.—Total temperature ratio distribution along vertical surveys downstream of heat exchanger
(station 4) as measured by wind anemometers. Traverse 2 was directly downstream of heat exchanger
element two, where exit guide vanes had been installed but not deployed. (a) Vrg = 350 mph.

(b) Vrs = 250 mph.
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Figure 93.—Pitch flow angle distribution along vertical surveys downstream of heat exchanger (station 4)
as measured by wind anemometers. Traverse 2 was directly downstream of heat exchanger element two,
where exit guide vanes had been installed but not deployed. (a} Vyg = 350 mph. (b) Vs = 250 mph.
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Figure 94.—Yaw flow angle distribution along vertical surveys downstream of heat exchanger (station 4)
as measured by wind anemometers. Traverse 2 was directly downstream of heat exchanger element two,
where exit guide vanes had been installed but not deployed. (a) Vg = 350 mph. (b) Vg = 250 mph.
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Figure 95.—Total pressure ratio distribution along vertical surveys downstream of heat exchanger (station 4).
Traverse 2 was directly downstream of heat exchanger element two, where exit guide vanes had been
installed and deployed. (a) Vs = 350 mph. (b) Vg = 250 mph.
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Figure 96.—Static pressure ratio distribution along vertical surveys downstream of heat exchanger (station 4).

‘Traverse 2 was directly downstream of heat exchanger element two, where exit guide vanes had been
installed but not deployed. (a) Vg = 350 mph. (b} Vg = 2560 mph.
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Figure 97.—Velocity distribution along vertical surveys downstream of heat exchanger (station 4) as
measured by pitot-static probes. Traverse 2 was directly downstream of heat exchanger element two,
where exit guide vanes had been installed and deployed. (a} Vrg = 350 mph. (b} Vrs = 250 mph.
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Figure 98.—Velocity distribution along vertical surveys downstream of heat exchanger (station 4) as
measured by wind anemometers. Traverse 2 was directly downstream of heat exchanger element two,
where exit guide vanes had been installed and deployed. (a) V75 = 350 mph. (b) Vrs = 250 mph.
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Figure 100.—Pitch flow angle distribution along vertical surveys downstream of heat exchanger (station 4}.
Traverse 2 was directly downstream of heat exchanger element two, where exit guide vanes had been
installed and deployed. (a) Vg = 350 mph. (b) Vg = 250 mph.
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Figure 101.—Yaw flow angle distribution along vertical surveys downstream of heat exchanger (station 4).
Traverse 2 was directly downstream of heat exchanger element two, where exit guide vanes had been
installed and deployed. (a) Vrg = 350 mph. (b) Vs = 250 mph.
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Figure 102.—Time histories. (a) Test section velocity and cable traverse position. (b) Air speed, pitch flow
angle, and yaw flow angle measured by the wind anemometer on the cable traverse. (c) Air temperatures
measured outside, near the cable traverse, in the crawl spaces, and in tunnel corners C and D.
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Figure 103.—Measurements made by the wind anemometer and thermocouple probes on the cable traverse
for a test section air velocity, Vg, of 250 mph and a tunnel total temperature TD,avgv of 15 °F. (a) Air velocity.
(b) Pitch and yaw flow angles. (c) Air temperature.
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Figure 104.—Measurements made by the wind anemometer and thermocouple probes on the cable
traverse for a test section air velocity, Vg, of 350 mph and a tunnel total temperature Tp ayg, of 17 °F.
(a) Air velocity, (b) Pitch and yaw flow angles. (c) Air temperature.
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(a) Top view. (b) Side view.
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Figure 106.—Time histories. (a) Test section velocity, Vg, and cable traverse position, Z.
{(b) Air velocity measured by the wind anemometer and the two traverse pitot-static probes.
(c) Outside air temperature, cable traverse temperature, and corner D average temperature.
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Figure 107.—Traverse air velocities downstream of the Icing Research Tunnel fan. (a) Measured by
the wind anemometer. (b) Measured by pitot-static probe 1. (¢) Measured by pitot-static probe 2.
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Figtire 108.—Flow angles measured by the traverse wind anemometer downstream of
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Figure 109.—Flow recoveries measured by traverse probe downstream of the Icing Research Tunnel
fan. (a) Total pressure from pitot-static probe 1. (b) Total pressure from pitot-static probe 2. (c) Total
temperature from thermocouple probe.
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